Abstract-The low-voltage ride through (LVRT) requirement demands the wind power plants to remain connected to the grid in the presence of grid voltage dips, actively helping the network overall control to keep network voltage and frequency stable. Wind power technology points to increase power ratings. Hence, multilevel converters, as for example, neutral-point-clamped (NPC) converters, are well suited for this application. Predictive current control presents similar dynamic response and reference tracking than other well-established control methods, but working at lower switching frequencies. In this paper, the predictive current control is applied to the grid-side NPC converter as part of a wind energy conversion system, in order to fulfill the LVRT requirements. DC-link neutral-point balance is also achieved by means of the predictive control algorithm, which considers the redundant switching states of the NPC converter. Simulation and experimental results confirm the validity of the proposed control approach.
The grid connection requirements (GCRs) for conventional and distributed generation [2] are set by the power system operators. The current GCRs [3] , [4] require the wind generators to remain connected to the grid during disturbances, as for conventional generators, a condition known as the low-voltage ride through (LVRT) requirement.
The wind energy conversion systems (WECSs) with variable-speed wind turbines are mostly implemented with doubly-fed induction generators (DFIGs) [5] , [6] , because the power rating of the converter is about 30% of the machine nominal power. However, in comparison with a DFIG, variablespeed WECSs based on a permanent-magnet synchronous generator (PMSG) with a full-power converter [5] , [7] do not require a gearbox and provide an extended speed operating range and full decoupling between the generator and the grid, which results in higher power capture at different wind speeds and enhanced capability to fulfill the LVRT requirement. These properties make this configuration interesting, even though converter losses increase. Low-voltage two-level voltage-source converters (VSCs) are the most used topology in WECSs [8] . However, currentsource converters [9] and multilevel topologies [10] , [11] can be better suited than conventional VSCs for higher power levels, considering that WECSs currently tend to increase their power rating [1] , [5] .
Model predictive control (MPC) [12] , [13] is a set of predictive control techniques based on the dynamic model of the process to be controlled and a time horizon. Among the different MPCs applied to power converters [13] , [14] , finite control set MPC (FCS-MPC) [15] [16] [17] [18] [19] [20] [21] is particularly attractive as it takes advantage of the limited switching states of the converter for solving the optimization problem from a discrete model of the system. The switching action that minimizes a given quality function is directly applied to the power converter. Thus, no modulator is needed.
The inclusion of nonlinearities and constraints of the system is another advantage of the FCS-MPC, as they can be included in the control law straightforward [15] , [22] [23] [24] . However, the accuracy of the FCS-MPC is affected by the precision at estimating the values for the system parameters [15] .
A number of control approaches, most of them based on conventional control theory and symmetrical components, are found in the literature for grid-connected VSCs [25] [26] [27] and for neutral-point clamped (NPC) converters [28] , [29] , under an unbalanced grid condition. The use of predictive control techniques under an unbalanced grid found in the literature is mostly focused on the current control of two-level inverters [30] , direct power control of two-level rectifiers [31] , and a DFIG [32] . However, predictive control applied to the NPC inverter to meet the LVRT requirement is hardly covered by the current literature in the field [16] , [33] .
This work is focused on the FCS-MPC of the grid-side NPC converter, in order to fulfill the LVRT requirements, as part of a WECS based on a PMSG and a back-to-back NPC full-power converter, shown in Fig. 1 . To do that, the dc-link voltage is assumed constant, as detailed in Section II, and the dc-link brake chopper, the generator-side converter, and their respective controllers are not included in the system model [34] . Results for the complete system shown in Fig. 1 with conventional control are found in [29] . The predictive control for the complete system is currently under development.
The proposed predictive control applied to the grid-side NPC converter provides balanced grid currents under grid voltage dip, concurrently with proper active and reactive power regulation, allowing to fully meet the LVRT requirement. DC-link neutral-point voltage balance is also achieved by means of the predictive control algorithm, which considers the redundant switching states of the NPC.
Unlike controllers based on symmetrical components, the proposed predictive current controller does not need any sequence separation method (SSM) for control purposes; therefore, eventual inaccuracies after grid fault appearance and clearance, caused by the SSM, will disappear [16] , [33] .
Notice that some preliminary results have been published by Alepuz et al. in [33] , but the previous paper does not include accurate current reference calculation, experimental results, harmonic performance, and comparison of the number of commutations/losses with a conventional modulation strategy. This paper is organized as follows: Section II presents the system and its model. Section III describes the predictive control. Simulation results are found in Section IV. Section V shows the experimental results obtained with the proposed control scheme. Finally, conclusions are formulated in Section VI.
II. MODEL OF THE SYSTEM
The system under study is shown in Fig. 2 , along with the block diagram for the control, and the analysis is focused on the NPC grid-side converter and its controller.
The dc-link voltage is assumed constant [25] , [34] , [35] . In steady state, the dc-link voltage is kept constant by the dc-link voltage regulator, as shown, for instance, in [26] , [28] , and [29] . Under the dip condition, although the dc-link voltage can suffer some variation, it can be kept close to the nominal voltage by using a proper controller and/or hardware, as for instance, a dc-link chopper [28] , [36] , the energy storage in the rotor inertia [28] , [29] , or an undervoltage protection [28] . Therefore, this assumption can be considered realistic and proper, and hence, grid-and generator-side operations can be considered fully decoupled.
The grid-side model for the system in Fig. 2 , to predict the grid current, is obtained from 
where the switching function S x is defined according to the switching signals for the switches of each leg, as shown in the following equation:
The grid voltages and the line currents are obtained through their corresponding sensors, while the voltage vector generated by the NPC inverter is appropriately selected among the different 19 voltage vectors that can be obtained from the 27 switching states of the NPC inverter, as shown in Fig. 3 .
Applying a sampling period T s , the derivative form (1) can be approximated as Replacing (7) in (1), the relation between discrete-time variables is
Expression (8) is used to obtain predictions for the future value of the line current vector i(k + 1), considering all possible voltage vectors v NPC (k) generated by the inverter, the measured line current vector i(k), and grid voltage vector e(k).
Following the same method as for the line currents, the discrete-time model for the dc-link capacitor voltages can be found, considering constant the dc-link voltage
where v p , v n dc-link capacitor voltages; i Cp , i Cn currents through each dc-link capacitor; C dc-link capacitor value; i o current through the dc-link midpoint.
The current through the dc-link midpoint i o is obtained in (10) from the present abc currents i a , i b , i c and the midpoint switching function S xo . Here, S xo is a switching function corresponding to the dc-link midpoint, "o," obtained from the converter switching function, S x , in (6), as detailed in the following equation:
Therefore, the future values of the dc-link capacitor voltages v p (k + 1) and v n (k + 1) are obtained from (9)- (11), based on the present measured values of the dc-link capacitor voltages
, and the present applied midpoint switching function S ao (k), S bo (k), S co (k); hence, there is no need to measure the present value of the dc capacitor currents, i.e., i Cp (k) and i Cn (k).
The practical implementation of FCS-MPC requires considering the effect of the delay in the actuation due to the time needed for the measurements through analog-to-digital converters and algorithm calculations. Therefore, the discretetime equations of the model are shifted one step forward in order to consider this time delay [37] . Applying this time shift to the discrete-time equations (8) and (9), it results in 
For a small enough sampling time and to save computational efforts, it is possible to consider e(k + 1) ≈ e(k).
III. CONTROL DESCRIPTION
Among the different possible MPC techniques applied to power converters, the FCS-MPC is particularly interesting for multilevel topologies, as the system used in this work, since this control applies the optimized switching state directly to the converter, without using complex modulation techniques such as multilevel PWM or space vector modulation (SVM).
The proposed control system has three main control objectives: delivering symmetrical and balanced ac currents to the grid, keeping balanced the dc-link capacitor voltages, and fulfilling the LVRT requirements. As detailed in this section, these control objectives are accomplished by minimizing a given quality function, which considers the tracking of a current reference and the dc-link capacitor voltage unbalance.
Some other control objectives such as the reduction of the number of commutations [19] , [23] or an imposed load current spectrum [24] , which are interesting for high-power systems, similar to the system in Fig. 1 , have not been considered in this work for simplicity. However, they can be included in the quality function of the predictive controller.
A. Predictive Control Algorithm Description
The control block diagram is shown in Fig. 2 . The future value of the line current i(k + 2) and dc-link capacitor voltage values v p (k + 2) and v n (k + 2) are predicted for the 27 switching states generated by the NPC inverter, by using (12) and (13) . In order to do these predictions, it is necessary to measure the present value of the line currents i(k), grid voltages e(k), and dc-link capacitor voltages v p (k) and v n (k). The estimated values at the instant k + 1, needed for the predictions at the instant k + 2, are calculated, by using (8) and (9), with these measurements and the present switching state applied to the NPC inverter. Once these predicted values are calculated, a quality function g is evaluated for all the switching states. The switching state, which minimizes the quality function g, is selected to be applied to the NPC inverter at the beginning of the next sampling period. The flow diagram for the proposed predictive algorithm is shown in Fig. 4 , and the proposed quality function g is
The first term in (15) , f (i * (k + 2), i(k + 2)), is dedicated to achieve the reference tracking, quantifying the difference between the current reference i * (k + 2) and the predicted current for a given switching state i(k + 2). The proposed composition of this term is shown in the following equation:
The second term in (15) , h(v p (k + 2), v n (k + 2)), takes advantage of the redundant switching states of the NPC converter to balance the dc-link capacitor voltages, since the term f only considers the voltage vector. The proposed composition for this term is shown in (17) . For a voltage vector with redundant switching states, the switching state that produces a smaller value for this term will be selected, i.e.,
The weighting factor λ DC handles the relation between the terms dedicated to the reference tracking f and the voltage balance h. Some guidelines for weighting factor design are found in [15] . In this paper, λ DC = 1.
An estimation of the current reference for the instant k + 2, i.e., i * (k + 2), is needed for the predictive control strategy, as can be observed in (16) . Depending on the length of the applied sampling period T s and the computational constraints, this estimation can be obtained through a second-order extrapolation, i.e.,
For a small enough sampling period and also to save computational efforts, it is possible to consider i * (k + 2) ≈ i * (k); thus, no extrapolation is needed.
Finally, notice that the analysis of the stability and bounds for the controller and system presented here is beyond the scope of this work. However, the study of the stability and bounds of the FCS-MPC applied to power converters can be found in [38] and [39] . 
B. Control to Meet the LVRT Requirements
In normal operation, the NPC inverter delivers to the grid the active power (active current) and delivers/absorbs the reactive power (reactive current) set by the power system operator accordingly to the quasi-stationary operation requirements specified in the GCRs.
The LVRT requirements, extracted from the GCR of the utility operator E-ON [3] , are shown in Figs. 5 and 6. When a grid voltage sag appears, the power generation plant must remain connected to the grid if the line voltage remains over the limit line in Fig. 5 . In parallel, the WECS has to deliver into the grid the amount of reactive current specified in Fig. 6 to give support to the network to hold the grid voltage. The amount of reactive power to be injected depends on the percentage of grid voltage reduction during the dip, the system rated current, and the reactive current given to the grid before the dip appearance. However, little information is given about the active current. Energinet [4] specifies that "active power must be maintained during voltage drops, but a reduction in active power within the wind power plant's design specifications is acceptable, however." Moreover, in case of single-or twophase voltage dips, there are few specifications in the GCRs, so there may be certain ambiguity regarding which should be the control strategy to meet the LVRT requirements. In any case, this control must take place within a time limit after fault recognition, for instance, 20 ms (E-ON) [3] .
After fault clearance, some GCRs demand to maintain the voltage support by injecting reactive current for a time, for instance, 500 ms (E-ON) [3] , and an active power recover to the original value with a minimum gradient, for instance, 20% of the rated power per second (E-ON) [3] .
A voltage sag detection and identification is needed, as shown in Fig. 2 , to provide the proper control action as a function of any specific voltage sag type and depth, accordingly with the LVRT requirements. Some methods are reported [40] , [41] , which provide detection within 1 ms [42] [43] [44] after the perturbation appearance. In this paper, for the sake of simplicity, this detection has not been implemented, because the voltage dip type and depth is previously known, as it is set by the user both at our experimental setup and the simulations.
There are different strategies to generate the current reference to meet the LVRT requirement, as discussed in [16] and [45] . In this paper, the generated abc current references are symmetrical and balanced at all time, as in the vector current controller with feedforward of negative sequence voltage strategy [45] . To do that, the current reference requires to be synchronized with the grid voltage. The phase-locked loop detailed in [34] has been used to obtain the voltage grid angle θ g , as shown in Fig. 2 , guaranteeing angle precision both in normal operation and under balanced/unbalanced grid fault condition. Therefore, the symmetrical and balanced abc current references are generated (19) with the current amplitude (I * ) and phase angle (ϕ * ) with respect the grid voltage, obtained from the active (I * A ) and reactive (I * R ) current references, by using (20) . The current amplitude is limited to the maximum available current that the converter can supply.
The active (I * A ) and reactive (I * R ) current references are set by the power system operator in steady state and by the LVRT requirements as a function of the grid voltage depth and type. With this approach, the proposed controller can be adapted to meet any GCRs by appropriate adjustment of the reference. Notice that, with the predictive control applied here, the symmetrical components are not used for control purposes, and therefore, an SSM is not needed.
IV. SIMULATION RESULTS
Simulation results (MATLAB/Simulink) for the proposed predictive controller are presented in this section. The specifications for the system in Fig. 2 , obtained from the experimental setup described in the next section, are as follows: V pn = 300 V; C = 2.2 mF; L = 5.5 mH; R = 0.5 Ω; V grid = 152 V RMS ; f grid = 50 Hz; and sampling period T s = 100 μs.
The current reference values for steady-state operation are I * = 4 A and ϕ * = 0 rad, thus working at unity power factor. During the voltage dip, their values are shifted in order to fulfill the LVRT.
Two different grid voltage dips, i.e., type B and type C [46] , have been simulated in order to show the controller performance and compare them with the experimental results shown in the next section. 
A. Simulation Results for a Grid Dip Type B
The simulated grid phase voltages are shown in Fig. 7(a) . At t = 50 ms, the voltage for phase a drops to 11% of its nominal value during 60 ms, with a phase shift of π/6 rad (lagging) to simulate the real behavior of the grid in the experimental setup, as shown in Section V. According to the LVRT requirements [3] , the inverter must deliver all its rated current as reactive current to the grid (see Fig. 6 ), so the current reference values change to I * = 6 A and ϕ * = π/2 rad. Balanced grid currents are delivered to the grid at all times [see Fig. 7(b) and (c) ], which show a fast and accurate transient performance with no overshoot. The dc-link capacitor voltages are kept balanced at all times, as shown in Fig. 7(d) . Instant and average active and reactive power are shown in Fig. 7(e) . In steady-state operation, the system works at unity power factor, the average active power delivered to the grid is around 900 W, and the average reactive power is 0 VAR. Under grid dip condition, the average active power delivered to the grid is 0 W, and the average reactive power is around 960 VAR, fulfilling the LVRT requirements. Instant active and reactive power oscillate at 2ω because balanced line currents and unbalanced grid voltages are present.
B. Simulation Results for a Grid Dip Type C
The simulated grid phase voltages are shown in Fig. 8(a) . At t = 50 ms, phase a and phase b voltages drop to 62.5% Fig. 9 . Simulation of the dynamic response and reference tracking for the line current ia (A) when a voltage dip B is present. Fig. 10 . Comparison of the simulated accumulated number of commutations for all the switches in phase a (S a4 , S a3 , S a2 , and S a1 ) in Fig. 2 for a line period, with an SVM [47] and with FCS-MPC.
of their nominal value with a phase shift of π/7 rad during 60 ms. In order to fulfill the LVRT requirements, the inverter must deliver a minimum of 75% of its rated current as reactive current the remaining rated current is delivered as active current as specified in Fig. 6 , so the current references change to I * = 6 A and ϕ * = 0.848 rad. Similar results as for the grid dip type B are shown here: balanced grid currents at all times [see Fig. 8(b) ], with fast transient performance with no overshoot [see Fig. 8(c) ], and balanced dc-link capacitor voltages [see Fig. 8(d) ]. The active and reactive power [see Fig. 8(e) ] differs from the dip-B case as active and reactive currents are delivered to the grid, instead of delivering only reactive current. The average values on steady state are the same as in the last subsection, whereas under grid dip, the average active power is around 600 W, and the average reactive power is around 700 VAR.
C. Current Tracking and Reduction of Commutations
As it can be observed in Fig. 9 , FCS-MPC presents good dynamic response and reference tracking.
The accumulated number of commutations for all the switches in phase a, switches S a4 , S a3 , S a2 , and S a1 in Fig. 2 , in steady-state operation for a line period, is compared in Fig. 10 between an SVM technique (f = 5 kHz) [47] , used in [29] and the proposed FCS-MPC. The sampling period used here for the FCS-MPC (T s = 100 μs) gives a maximum switching frequency of 5 kHz. Results in Fig. 10 show that, with the proposed FCS-MPC, the number of commutations is reduced by about 85% compared with this specific SVM [47] . Thus, the accumulated number of commutations for all the converter switches using the proposed FCS-MPC are lower than the accumulated number of commutations for only one branch with this specific SVM. Although the analysis of the converter losses with the proposed predictive control is beyond the scope of this work, the reduction of the number of commutations produces lower losses.
Notice that the number of commutations can be even more reduced by including an additional term in the quality function [19] , [23] , also providing some degree of decoupling between the sampling and the switching frequencies. Hence, the predictive control algorithm will run with high sampling frequency but low switching frequency.
As the FCS-MPC selects the best voltage vector that minimizes the quality function, there are time intervals where the voltage vector does not change so the converter does not commutate. Moreover, there are some time intervals where a given branch remains connected to the same dc-voltage level while the other branches commutate; hence, the accumulated commutations for a single branch do not increase while the accumulated commutations for the whole converter increase, as it can be observed in Fig. 10 .
The phase a load current spectrum and total harmonic distortion (THD) is compared for the SVM [47] (see Fig. 11 ) and for the FCS-MPC (see Fig. 12 ). Higher THD is found for the FCS-MPC, as previously detailed in [19] . With FCS-MPC, grid currents present some low-frequency harmonics, as shown in Fig. 12 , that could excite some resonances in the grid. However, the FCS-MPC can achieve better performance than the SVM by using a proper weight in the quality function for controlling the switching frequency [19] or the current spectrum [24] . Regarding the filter performance, the FCS-MPC operation with variable switching frequency can make more difficult the design of any filter or deteriorate its performance. For this reason, strategies of predictive control working with constant switching frequency are under development.
V. EXPERIMENTAL RESULTS
This section presents the experimental results obtained for the proposed control strategy depicted in Fig. 2 . The experimental setup is a part of a wind emulation platform shown in Fig. 13 .
The experimental results are obtained using one of the two NPC converters included in the back-to-back cabinet. The specifications for the system have been detailed in the previous section.
Dips have been generated at the laboratory by switching one grid phase from its rated voltage to a smaller voltage generated by a single-phase autotransformer, using two bidirectional electronic switches. Notice that good agreement has been found between simulations and experimental results in all cases. Fig. 14(a) shows grid phase voltages, where phase a suffers an 89% voltage drop during 60 ms (starting at t = 50 ms) with a π/6 rad (lagging) phase shift. Line currents shown in Fig. 14(b) are balanced before and after the grid dip and present a good balance during the grid disturbance with a fast and accurate transient performance with no overshoot [see Fig. 14(c) ]. DC-link capacitor voltages are balanced at all times, as shown in Fig. 14(d) . Under dip condition, in order to meet the LVRT requirements shown in Figs. 5 and 6, the current reference is changed to I * = 6 A and ϕ * = π/2 rad, the average active power delivered to the grid is 0 W, and the average reactive power delivered to the grid is about 990 VAR, whereas in steady-state operation, the average active power delivered to the grid is around 910 W, and the average reactive power delivered to the grid is around 0 VAR.
A. Experimental Results for a Grid Dip Type B

B. Experimental Results for a Grid Dip Type C
Grid phase voltages, where phase a and phase b suffer a 32.5% voltage drop and a phase shift of π/7 rad during 60 ms (starting at t = 50 ms) are shown in Fig. 15(a) . Line currents are In steady-state operation, the system works at unity power factor, and therefore, the average active power delivered to the grid is around 910 W, and the average reactive power delivered to the grid is around 0 VAR, as shown in Fig. 15(e) . Under dip condition, the LVRT requirements demand to inject a reactive current of 75% of the system rated current. The current reference is properly changed, and under grid disturbance condition, the average active power delivered to the grid is about 650 W, and the average reactive power delivered to the grid is about 750 VAR. Notice the oscillations in the instant active and reactive power, as detailed in the previous section.
C. Experimental Commutations and THD for FCS-MPC
The experimental accumulated number of commutations for FCS-MPC can be seen in Fig. 16 . A higher number of commutations is found in comparison with the simulation results shown in Fig. 10 , but still lower than the simulated SVM. The experimental load current waveform, spectrum, and THD for phase a are shown in Fig. 17 . In comparison to the same simulated results shown in Fig. 12 , the shape of the experimental waveform seems slightly worse, with a little higher THD. The experimental harmonic spectrum shows a higher content around 5 kHz, perhaps caused by the additional commutations with respect to the simulation. Simulation and experimental results agree, in general terms. However, some mismatch is observed, which can be caused, to the best of our knowledge, due to nonidealities not considered in the model of the system that can affect the precision of the predictive algorithm, such as semiconductors drop voltages, variability of the filter inductance, dead times, grid voltage harmonic content, cable impedances, suboptimal link between the Power PC and the programmable logic device, etc.
VI. CONCLUSION
A finite control set model predictive current controller has been proposed for the grid-side of a WECS in order to meet the LVRT requirements. Simulations and experimental results strongly agree and show good system performance.
The proposed controller can be adapted to meet any GCRs and provides balanced line currents at all time. The current reference tracking performance is fast and accurate and presents no overshoot and with a smaller number of commutations in comparison with PWM, reducing the switching losses. This performance can be even enhanced by adding an additional term in the quality function to reduce commutations and improve the current spectrum.
In parallel, the predictive controller uses the redundant states of the three-level inverter to keep balanced the dc-link capacitor voltages at all time.
Finally, the predictive control method proposed in this paper is much simpler than the classical solutions.
